A variety of markers are invaluable for identifying and purifying stem/progenitor cells. Here we report the generation of a murine reporter line driven by Pw1 that reveals cycling and quiescent progenitor/stem cells in all adult tissues thus far examined, including the intestine, blood, testis, central nervous system, bone, skeletal muscle, and skin. Neurospheres generated from the adult PW1-reporter mouse show near 100% reporter-gene expression following a single passage. Furthermore, epidermal stem cells can be purified solely on the basis of reporter-gene expression. These cells are clonogenic, repopulate the epidermal stem-cell niches, and give rise to new hair follicles. Finally, we demonstrate that only PW1 reporter-expressing epidermal cells give rise to follicles that are capable of self-renewal following injury. Our data demonstrate that PW1 serves as an invaluable marker for competent self-renewing stem cells in a wide array of adult tissues, and the PW1-reporter mouse serves as a tool for rapid stem cell isolation and characterization.
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bulge | subgranular zone | subventricular zone | crypt | regeneration A dult stem cells can be proliferative, such as the gut, or quiescent unless activated for tissue repair, as found in muscle (1, 2) . In addition to different cell cycle behaviors, adult stem cells are found in anatomically discrete structures or dispersed throughout the tissue with no discernable niche. Finally, certain tissues show remarkable regenerative capacities, whereas others fail to regenerate in response to injury. A variety of markers are invaluable for identifying adult stem cells. Notably, the leucine-rich repeatcontaining G protein-coupled receptor 5 (Lgr5), by virtue of a knock-in mouse model, allows for adult stem cell identification and purification from several tissues, although this marker is found primarily with cycling stem cells (3, 4) . We identified PW1 in a screen for putative regulators of early skeletal muscle stem cells (5) , which was also identified as Peg3 [Paternally expressed gene 3 (6) ]. PW1 expression initiates upon gastrulation and remains strongly expressed until birth (5) . In postnatal skeletal muscle, PW1 expression is restricted to resident stem cells (satellite cells) as well as PW1 + interstitial cells (PICs) that constitute a second population of postnatal resident skeletal muscle stem cells (7, 8) . PW1 regulates two key cell-stress pathways via interaction with the TNF receptor-associated factor 2, as well as the p53-mediated cell death and growth arrest through direct interactions with the Seven in absentia homolog 1 (Siah1) and Bcl2-associated X (Bax) proteins (9, 10) . Consistent with these observations, we found that PW1 is required for both TNF and DNA damage/p53-mediated effects on the differentiation of myoblasts (11) .
We generated a transgenic PW1-reporter mouse using BAC recombineering. As expected, PW1 protein expression and reporter activity colocalized to satellite cells and PICs in postnatal and adult skeletal muscle. Furthermore, reporter activity and PW1 protein were expressed in a wider range of adult tissues than expected, however, were restricted to cycling and quiescent progenitor/stem cells. Skin cells purified using reporter gene expression are clonogenic, repopulate the epidermal stem cell niches, and give rise to new hair follicles that are capable of self-renewal upon injury.
Results

Generation and Characterization of a Transgenic PW1-Reporter
Mouse. We generated the PW1-reporter mouse by placing an internal ribosome entry site (IRES) fused with a nuclear operon lactose gene (nLacZ) into exon 9 of the Pw1 locus using BAC recombineering (Fig. 1A) . Three founders were generated displaying normal development and similar expression profiles (Fig. S1A) . One founder was chosen for further analyses. We confirmed a single BAC insertion by FISH (Fig. S1B ). Reporter activity, mRNA expression, and PW1 protein were coexpressed in the developing limbs, heart, somites, and splanchnic mesoderm, as well the floor and roof plates of the neural tube ( Fig. 1 B-E), consistent with previous analyses (5) . In skeletal muscle we observed ∼98% coexpression of reporter activity with endogenous PW1 protein in satellite cells and PICs, as expected (7), whereas myonuclei are not labeled (Fig. 1 F and G, and Fig. S1C ), confirming that the BAC transgene contains the essential cis-sequences to direct expression to skeletal muscle stem cells.
Reporter Activity and PW1 Expression Identify Stem/Progenitor Cells in a Wide Array of Adult Tissues. Further analyses of this transgenic line revealed a wide range of reporter activity that was restricted to a small number of cells in each tissue examined. Specifically, we detected reporter activity and PW1 protein expression in cells located at the base of the crypt of the small intestine, whereas the differentiated cells along the villus axis had no detectable expression ( Fig.  2A) . Intestinal stem cells can be identified as elongated, cycling cells distributed in the 0 to 4 position of the crypt (12) (13) (14) (15) . As shown in Fig.  2B , reporter and PW1-positive cells are intercalated with unlabeled cells in the 0 to 4 position and identical to the distribution reported for Lgr5, which identifies intestinal stem cells (3) . We noted that reporter activity and endogenous PW1 expression were not detected in the transit amplifying cells cells located in the 5 to 15 position (Fig.  2B) (3, 12) . Moreover, PW1-reporter activity colocalized with phospho-histone H3 expression that labels actively cycling cells in the crypt consistent with stem cell identity (Fig. 2C) (3, 16, 17) .
In the testis, reporter activity and endogenous PW1 protein were detected in 7.4% ± 0.4 of the cells located near the basement membrane of all seminiferous tubules (Fig. S2 A-C and F), consistent with the percentage (18) and location (19) reported for undifferentiated spermatogonia. In contrast to the intestine, testis stem cells are quiescent and we confirmed that reporter expression did not overlap with Ki67 nor phospho-histone H3 (Fig.  S2D) . Testis stem cells express Bmi and GFRA1 (glial cell linederived neurotrophic factor receptor-α1) (20) (21) (22) , and we observed ∼16% of reporter-positive cells were positive for Bmi1 expression ( Fig. S2 E and F) (22) . In addition, there was near complete overlap with GFRA1 expression (Fig. S2G) , confirming identity as undifferentiated spermatogonia (20, 21) . We extended our analyses to bone, in which reporter activity displayed significant overlap with the runt-related transcription factor 2 (Runx2) (82.2% ± 0.9) and the SRY-box containing gene 9 (Sox9) (83.3% ± 1.6), which are markers for osteo-and chondrogenic progenitors, respectively (23) (Fig. S2 H-J) . Again, PW1 protein and reporter activity showed complete overlap (Fig. S2H) .
Our results obtained from muscle, gut, testis, and bone suggested that PW1-reporter activity identifies adult stem/progenitor cells in many tissues. We extended our analyses to the adult CNS, where we detected reporter activity in the subventricular (SVZ) and subgranular zones (SGZ), the CNS stem-cell niches (24, 25) (Fig. 2 E-G) . The SVZ consists of type B neural stem cells that express GFAP (26) . B cells give rise to transit amplifying type C cells that express the oligodendrocyte transcription factor 2 (OLIG2), distal-less homeobox 2 (DLX2), and the murine achaete-scute complex-like 1 (MASH1) (27) , and progress to neuroblasts (24) (type A cells) that express doublecortin (28) (DCX) (Fig. 2D) . In the SVZ, B cells (GFAP + ) displayed the highest level of reporter activity (87.9% ± 2.4) (Fig. 2 E and F) . Furthermore, we found that 59.6% ± 11.3 of the reporter cells are label-retaining cells (29) . Reduced reporter activity was detected in type C (23.77% ± 2.5) and type A (16.31% ± 3) cells (Fig. 2 E  and F) . A similar distribution of labeling was observed in the SGZ (30) , in which ∼80% GFAP + cells displayed reporter activity. As seen for other tissues, reporter activity reflects endogenous PW1 protein expression (92.7% ± 0.2) in neural stem cell niches ( Fig.  2G ), whereas near undetectable levels of PW1 protein were found in differentiated neurons (Fig. 2H ). It has been demonstrated that neural stem/progenitor cells can be amplified as neurospheres and passaged, leading to an enrichment of type B cells (31) ; therefore, we generated neurospheres from SVZs isolated from adult reporter mice. We found that cells with high reporter activity increased with subsequent passages (Fig. 2I) , consistent with the notion that reporter activity is restricted to cells capable of self-renewal (31) . Furthermore, endogenous PW1 protein and reporter activity were coexpressed with nestin, a marker of neural stem cells in vitro (Fig. 2J) . We conclude that PW1/reporter activity identifies stem/progenitor cells of the adult CNS and can be used to track a self-renewing population.
Histological analysis of adult transgenic bone marrow, which contains hematopoietic stem cells, revealed ∼0.72% of labeled cells (Fig. S3A ). We tested if reporter gene activity could be tracked using a fluorescent substrate for β-galactosidase (β-gal) activity (fluorescein di-β-D-galactopyranoside, FDG). We determined the distribution of reporter expression in the hematopoietic stem cell populations (HSCs) separated on the basis of Lin, CD34, cKit, and Sca1 expression (32) (Fig. 3A and Fig. S3B ). Multipotent long-term HSCs (LT-HSC) self-renew and maintain lifelong production of blood cells and give rise to short-term HSCs (ST-HSC) (33) . STHSCs retain more limited self-renewal capacity and progress to multipotent progenitors (MPP) that lack self-renewal capacity ( Fig. 3A) (33) . MPPs differentiate into two lineage-restricted progenitors: the common lymphoid-(CLP) and myeloerythroid progenitors. Using FACs analysis, we observed the highest levels of reporter activity in the LT-and ST-HSC populations and progressively lower levels in the more committed MPP and CLP cells ( Fig. 3 B and C) . These results were confirmed by direct β-gal immunostaining for each population, which showed complete overlap with endogenous PW1 expression ( Fig. 3 C and D) .
Reporter Activity Is Sufficient to Identify a Self-Renewing Population of Epidermal Stem Cells. PW1 protein and reporter activity were detected in the bulge, hair germ, and dermal papilla at all phases of the hair cycle ( Fig. 4 A and B, and Fig. S4 A-C, F, and G-J) corresponding to identified skin stem-cell niches (34) (35) (36) (37) (38) (39) . Reporter activity colocalized to bulge stem-cell markers cytokeratin 5 (K5), cytokeratin 15 (K15), and CD34 (37, 40, 41) (Fig. S4 A, A′, G, and H). We noted reporter expression in the hair germ stem cells, which were positive for K15 and P-Cadherin (36, 37, 40) (Fig. S4 A′ and B) . The dermal papilla cells were identified by vimentin staining (35, 36, 42) (Fig. S4 I and J) . We observed that reporter activity and PW1 protein were not detected in the interfollicular epidermis nor in differentiated cellular compartments using markers of the outer root sheath (AE15) (43) , the inner root sheath, the bulb (CCAAT displacement protein) (44) , and the companion layer (K6) (45) (Fig. S4 C-E and F′) . Reporter and endogenous PW1 protein expression overlapped. We isolated epidermal cells from the back skin of PW1-reporter mice crossed to H2B-EGFP mice (expressing ubiquitous GFP under the histone2B promoter) to follow engrafted cell fates. To eliminate contamination between β-gal + and β-gal − populations, we used stringent FACs parameters and verified purity by direct immunostaining of the fractions (Fig. 4C and Fig.  S4K ). Under these conditions, the β-gal + fraction represented ∼0.6% of the epidermal cell preparation and displayed ∼98% (98.4% ± 1.2) coexpression with PW1 (Fig. 4 C and D) . In culture, (Fig.  4 E and F) . We further engrafted both populations to test their stem cell capacity in vivo. We observed robust contribution of β-gal + cells (31.6% ± 2.4) to the hair follicles compared with poor contribution by the β-gal − population (5.8% ± 0.4) 3 wk following engraftment (Fig. 4 G-J) . Following injection of the β-gal + /GFP + cells, we observed that GFP-labeled cells no longer expressed β-gal in the differentiated hair follicles, sebaceous glands, and the interfollicular epidermis, as shown by Keratin 14 (K14) coexpression (Fig. S4 L-N) , demonstrating that β-gal + cells are competent progenitors capable of reconstituting hair follicles. Furthermore, we observed GFP + /β-gal + cells restricted to the bulge and dermal papilla of the hair follicles (Fig. 4 K-Q) , demonstrating that β-gal + cells can reconstitute their niche and that reporter gene expression remained restricted to stem cells following engraftment. Although these observations are consistent with a stem cell identity for reporter-expressing cells, a critical feature of stem cells is their capacity to undergo self-renewal. Therefore, we tested the self-renewal capacity of the engrafted cells by depilating the grafts (Fig. 4 R-U) 1 mo following engraftment. We observed that β-gal + cell-derived grafts showed robust regrowth (Fig. 4 R and S), whereas grafts resulting from β-gal − cells displayed poor initial hair growth (Fig. 4 I, J, and T) and almost no regeneration following depilation (Fig. 4U ). Our results demonstrate that the β-gal + cells give rise to differentiated epidermal cell fates, reconstitute their niche, and self-renew.
Discussion
We initially isolated PW1 in a screen designed to identify early stem cells in the skeletal muscle lineage (5). Our previous characterization of PW1 in postnatal skeletal muscle revealed expression in satellite cells that have long been accepted as the major resident progenitor cell (8) ; however, we also observed PW1 expression in a subpopulation of interstitial cells. Detailed analyses of the PICs demonstrated that they are a distinct population that can generate new myofibers following engraftment into damaged muscle (7). Moreover, whereas both satellite cells and PICs give rise to muscle and satellite cells, only PICs give rise to PICs, fulfilling a key criteria of a stem cell, including the ability to self renew (7). Whereas muscle stem cells remain quiescent and blood stem cells proliferate slowly, intestinal stem cells divide continuously to generate the steady turnover of intestinal villi (3). These cells were characterized using the Lgr5 knock-in mouse that identifies a cell population with specific cellular positions in the crypt that are positive for markers of cell proliferation (3, 17) . We show here that PW1 and reporter expression overlap completely with these multiple lineages of stem cells. Although we initially discovered that PW1 identified a unique muscle stem-cell population, combined with data presented here, our results reveal that PW1 can be used to identify many lineages of adult stem cells in situ.
For each lineage examined in this study, we found that cells that expressed PW1 also expressed tissue-specific stem-cell markers. We therefore tested whether the expression of PW1 can be used to track stem cells once isolated from the tissue. Stem cells from the CNS can be isolated and expanded in vitro by generating neurospheres (31) . When single cells are obtained from the stem-cell niches of the CNS, neural stem cells are grown under suspension and after one passage, neurospheres contain mostly early neural stem cells (46) that express PW1 protein and reporter activity, as well as neural stem-cell markers revealing that PW1 expression is a marker for stem cells in vitro as well as in vivo.
We wished to test the utility of the PW1 reporter for a single-step isolation of stem cells from the skin. We show here that PW1 reporter-expressing epidermal cells are capable of reconstituting hair follicles when engrafted into nude mice. When the grafts are challenged to regenerate, we found that only grafts obtained from PW1-expressing cells were capable of robust regeneration. Coupled with our observations using lineage tracing of double-labeled PW1-expressing cells (expressing nuclear GFP) in which we demonstrate that PW1 + cells also repopulate the hair follicle stem cell niches, we conclude that PW1 marks the self-renewing stem-cell population in the skin. As seen with neurospheres, these cells maintain reportergene expression in vitro, demonstrating an application for this mouse model as a means to select and subsequently screen stem cells for conditions that support stem cell expansion in culture. Presently we are extending our analyses to a wide array of adult tissues in which the stem-cell niche has not been well characterized. As such, this mouse model promises applications for both basic stem cell biology and regenerative medicine.
Materials and Methods
Generation of Tg(Pw1 IRESnLacZ ) Mice. All work with mice was carried out in adherence to French Government and European guidelines and was approved by the Pierre et Marie Curie University. Transgenic mice were generated using BAC recombineering, as previously described (47) . The Pw1-containing BAC clone (ID#508P6, 180 kb) comes from a 129Sv library. An IRESnLacZ (3.8 kb) cassette, a SV40 polyadenylation signal, and a kanamycin selection gene floxed by two FLP recognition target sites (1 kb) were introduced into the 5′ portion of Pw1 exon 9 (+19,302 bp, Acc:MGI:104748; NCBIM37). The kanamycin cassette was excised by arabinose treatment. The transgenic BAC allele was injected into oocytes to generate founders that were identified by PCR and maintained in a C57BL6/J background. The resulting reporter mouse is called B6-Tg(Pw1 IRESnLacZ )26sas.
Histological Analyses. Whole-mount in situ hybridization was performed as previously described (48) with a Pw1 riboprobe (865 bp) generated from the PstI digestion of exon 9 cDNA.
Three independent BrdU-labeled retaining experiments were performed, as previously described (29) .
Tibialis anterior muscles were snap frozen in liquid nitrogen-cooled isopentane; bones were treated with a 5.5% EDTA (10% Formalin) solution before freezing in liquid nitrogen. Testis were embedded in paraffin. All other tissues were fixed in 4% paraformaldehyde, embedded in 15% sucrose, and frozen in liquid nitrogen. Cryosections (5-8 μm) and cytospin preparations were fixed 15 min at room temperature with 4% PFA before X-Gal staining (49) for 3 to 5 h or processed for immunofluorescence or immunocytochemistry, as previously described (8, 11, 50) . For primary antibodies and secondary antibodies, see SI Materials and Methods. Qualitative and quantitative analyses were performed from at least three independent experiments. FISH was performed as previously described (51) with a 180-kb BAC (ID#508P6) probe covering the Pw1 gene.
FACS Analysis. Single-cell preparations were obtained from back skin by enzymatic digestion (trypsin; Invitrogen) overnight at 4°C to separate the epidermis from the dermis (52) .
Epidermal cell preparations (4) or bone marrow of 7-wk-old Tg(Pw1 IRESnLacZ ) mice were stained with 10 ng/mL of appropriate antibodies (see SI Materials and Methods) and sorted by using a FACSAria (Becton Dickinson). To detect nuclear β-gal activity, FDG (53) staining kits (Molecular Probes) were used according to the manufacturer's instructions. β-Gal + cells were defined as having a signal higher than the cells isolated from non transgenic mouse.
Transplantation. Five independent transplantations (5 × 10 5 cells) were performed as described (54) . Freshly sorted cells were immediately frozen, pooled, and engrafted between the epidermis and the dermis of a newborn skin before grafting on recipient nude mice. Cell contribution was determined by counting the percentage of GFP + follicles. Four weeks after engraftment, the engrafted area of two reporter mice per group were injured by depilation and hair regrowth was evaluated 4 wk later.
Clonogenicity Assay. 2Four independent colony-forming assays were performed as described previously (4) . Three-thousand freshly sorted (β-gal + , β-gal − ) or unsorted cells (all) were plated and colonies were stained with 1% Rhodamine B after 16-d culture and counted. Qualitative and quantitative analyses were performed from at least three independent experiments. Statistical analyses were done using the Student t test.
Neurospheres. SVZ cells were collected from five adult (2-mo-old) reporter mice and seeded at 10,000 cells/cm 2 (55) . Neurospheres were grown in floating cultures as described previously (31) . The neurospheres were passaged every 4 wk. Two independent experiments were performed. 
